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I . I NTRODUCT I ON 

T h i s  r e p o r t  reviews a program o f  research c a r r i e d  o u t  a t  t h e  Univer-  

s i t y  o f  V i r g i n i a  under NASA sponsorship over  a f o u r  and one-half year 

per iod  ending September, 1970, t h e  purpose of which has been t o  apply  

modern molecular-beam techniques t o  t h e  study o f  molecular c o l l i s i o n  

processes. The major p o r t i o n  o f  t h i s  e f f o r t  has been d i r e c t e d  toward 

s tud ies  o f  i n t e r a c t i o n s  between atmospheric gases and s o l i d  surfaces. 

I n v e s t i g a t i o n s  have been p r i m a r i  l y  experimental observat ions o f  t h e  

s c a t t e r i n g  o f  gases from engineer ing surfaces i n  t h e  thermal range o f  

i n t e r a c t  ion  energies. 

Aerodynamic-type molecular beams a r e  employed. A f t e r  a beam i s  

sca t te red  from a t e s t  surface, t h e  angular d i s t r i b u t i o n  o f  beam f l u x  

and t h e  d i s t r i b u t i o n  of v e l o c i t i e s  i n  t h a t  f l u x  a r e  measured. These 

d i s t r i b u t i o n s  then charac ter ize  t h e  i n t e r a c t i o n .  

Th is  program was one of t h e  f i r s t  t o  employ aerodynamic-type beams 

i n  sur face i n t e r a c t i o n  s tud ies.  The more important advantages o f  these 

beams a r e  t h a t  s i g n i f i c a n t l y  h igher  i n t e n s i t i e s  a r e  a t t a i n a b l e  and 

t h a t  they a r e  e s s e n t i a l l y  monoenergetic. The apparatus f o r  these t e s t s  

was designed t o  maximize t h e  beam f l u x  useable for  sur face-sca t te r ing  

observat ions w i t h  t h e  r e s u l t  being t h e  f i r s t  apparatus w i t h  capac i ty  f o r  

determining d e t a i l e d  v e l o c i t y  d i s t r i b u t i o n s  o f  beams a f t e r  s c a t t e r i n g .  

From t h e  in format ion gathered under t h i s  program, a general under- 

standing of energy and momentum exchange processes i n  gas-surface i n t e r -  

a c t i o n s  has evolved. A number o f  f i n d i n g s  have been publ ished and we 

hope t h a t  usefu l  knowledge has been cont r ibu ted .  
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I I .  BACKGROUND 

Th is  program o r i g i n a t e d  conceptua l l y  w i t h  Professors Scott and 

Kuhlthau. However, concerted implementation began w i t h  t h e  coming t o  

V i r g i n  a f o r  two years o f  0. F. Hagena from West Germany's nuc lear  re- 

search center  i n  Kar lsruhe. Hagena had had ex tens ive  exper ience i n  

molecu ar-beam research and was (and i s )  a recognized exper t  i n  t h e  

f i e l d .  With f i n a n c i a l  backing from t h e  U n i v e r s i t y ' s  NASA i n s t i t u t i o n a l  

g ran ts  program, Hagena i n  a remarkably sho r t  t i m e  const ructed t h e  appara- 

t u s  and per fec ted  t h e  techniques f o r  c a r r y i n g  o u t  t h e  research t o  be 

rev  i ewed he re.  

I t  was soon a f t e r  Hagena's coming t h a t  t h e  present  g ran t  was proposed 

and accepted. 

experiments under t h e  grant ,  most o f  t h e  experimental work was performed 

a f t e r  h i s  r e t u r n  t o  Germany i n  1967. P r i o r  t o  Hagena's departure,  t he  

w r i t e r  had j o i n e d  t h e  f a c u l t y  a t  V i r g i n i a  a f t e r  having worked i n  a s imi -  

l a r  molecular-beam research group a t  UCLA, and subsequently, w i t h  

ass is tance from Scott and Kuhlthau, assumed r e s p o n s i b i l i t y  f o r  conduct ing 

t h i s  research. Since t h a t  t ime, w i t h  t h e  help o f  several  ab le  graduate 

students, he has supervised t h e  experiments here t o  be described. 

While he supervised o r  performed h imsel f  many o f  t h e  i n i t i a l  

For t h e  two years from June, 1968 t o  June, 1970, F. 0. Goodman, 

a p h y s i c i s t  whose specia l  i n t e r e s t  i s  gas-surface i n t e r a c t i o n  theory,  

was associated w i t h  t h i s  program. 

t o  develop t h e  theory  and, as an adv isor  and i n s t r u c t o r  on t h e  theory  

and as a source o f  i n t e r p r e t a t i o n  f o r  some of t h e  more unusual data ob ta in -  

ed i n  t h e  laboratory ,  he was an ab le  and apprec iated asset  t o  t h i s  re -  

search . 

While here a t  V i r g i n i a ,  he cont inued 

Nine graduate s tudents have completed o r  soon w i  I I complete research 

p r o j e c t s  under t h i s  program. Most a t  one t ime  o r  another were supported 

f i n a n c i a l l y  from g ran t  funds, w i t h  support  usua l l y  i n  the  form o f  research 

on ass is tan tsh ips .  F i ve  masters theses [ 

[6] have been completed. Two doc tora l  

masters t h e s i s  [ 9 ]  a r e  i n  progress. 

-51 and one doctora l  d i s s e r t a t  

d i s s e r t a t i o n s  [7, 81 and one 
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I l l .  REVIEW OF ACCOMPLISHMENTS 

A. Methods 

The methods 

a number o f  avai  

reviewed i n  deta 

employed i n  these i n v e s t i g a t i o n s  have been descr ibed i n  

a b l e  r e p o r t s  and papers [I-6, 10-17] and need n o t  be 

I here. The p r i n c i p a l  components o f  t h e  experimental 

apparatus are  (a>  a molecular beam, ( b )  a t e s t  surface, ( c )  a means o f  

measuring t h e  i n t e n s i t y  and v e l o c i t y  d i s t r i b u t i o n s  of the  beam a f t e r  

i n t e r a c t i o n s  w i t h  t h e  surface, and (d )  an evacuated tank i n  which t h e  

experiments a r e  conducted. 

The molecular beam i s  formed by t h e  now w 

a c c e l e r a t i o n  method i n  which a gas i s  expanded 

r a r e f i e d  hypersonic f low c o n d i t i o n s  and then a 

monoenergetic molecules i s  skimmed o f f  and col 

del y fami I i a r  aerodynam 

through an o r  i f  i c e  t o  

cent ra l  core  of almost 

imated i n t o  a beam. As 

C- 

s ta ted  e a r l i e r ,  t h e  p r i n c i p a l  advantages o f  t h i s  type  o f  beam a r e  i t s  

h igh  i n t e n s i t y  and i t s  low energy spread r e l a t i v e  t o  t h a t  ob ta inab le  by 

more-standard effusive-beam techniques. The technique i s  a l s o  wel l  

s u i t e d  t o  generat ing beams o f  h igher  energies. 

Test surfaces employed have u s u a l l y  been those o f  common so l ids .  

As w i l l  be described, surfaces have been prepared i n  a number of d i f f e r e n t  

ways and subjected t o  a v a r i e t y  o f  heat and bombardment t reatments i n  

t h e  t e s t  chamber. 

Detect ion o f  beam molecules i s  accomplished by a standard technique 

whereby e l e c t r o n  bombardment i s  employed t o  f o r m  detectable ions. Veloc- 

i t i e s  a r e  measured by t i m i n g  t h e  f l  i g h t s  o f  molecules from a motor- 

d r i v e n  chopper t o  t h e  detector .  Modulat ion o f  t h e  beam by t h e  chopper' 

i s  an important f a c e t  o f  the  d e t e c t i o n  scheme. I t  f a c i l  i t a t e s  a sub- 

s t a n t i a l  increase i n  t h e  d e t e c t o r ' s  e f f e c t i v e  s ignal - to-noise r a t i o .  

The experiments a r e  c a r r i e d  o u t  i n  a tank  evacuated by t rapped 

o i l - d i f f u s i o n  pumps. The tank  i s  subdiv ided n to  t h r e e  chambers, two 

f o r  beam format ion and one f o r  t e s t i n g .  The owest pressure a t t a i n a b  

i n  t h e  t e s t  chamber i s  I O - *  torr .  

e 
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This  research has c o n t r i b u t e d  t o  t h e  general e v o l u t i o n  of exper i -  

mental i n v e s t i g a t i o n s  of gas-surface i n t e r a c t i o n s  and a p p l i c a t i o n s  o f  

molecular beams. The most noteworthy achievement has been t h e  develop- 

ment o f  a s imple and r e l i a b l e  method o f  measuring and i n t e r p r e t i n g  v e l o c i t y  

d i s t r i b u t i o n s  o f  beams a f t e r  s c a t t e r i n g .  Th is  achievement was r e a l i z e d  

no t  by any major techn ica l  innovat ion,  b u t  merely by c a r e f u l  design o f  

t h e  apparatus t o  maximize t h e  usefu l  i n t e n s i t y  o f  t h e  i n c i d e n t  beam and 

t h e  e f f e c t i v e  s e n s i t i v i t y  o f  t h e  detector .  

One promising s p i n o f f  from t h i s  research (but, no t  by any means 

from t h i s  research a lone)  has been t h e  development o f  another method f o r  

probing s o l i d  surfaces. Th is  method c o n s i s t s  o f  d i r e c t i n g  a thermal-  

energy atomic beam (or molecular beam i n  some cases) upon an unknown 

sur face and i n f e r r i n g  t h e  s t r u c t u r e  and o t h e r  sur face p r o p e r t i e s  (such 

as degree o f  thermal e x c i t a t i o n )  from t h e  f l u x  and v e l o c i t y  d i s t r i b u -  

t i o n s  of t h e  sca t te red  beam. For example, w i t h  room-temperature hel ium 

beams s c a t t e r i n g  from monocrysta l l ine L i F  and NaCl surfaces, sharp 

d i f f r a c t i o n  p a t t e r n s  are  observed and from these p a t t e r n s  t h e  spacing 

o f  atoms on t h e  c r y s t a l  surface may be in fe r red .  Atom-beam probes possess 

an advantage over  electron-beam probes (as employed i n  LEED) s ince sur- 

face p e n e t r a t i o n  i s  almost n i l .  

w i t h  respect t o  electron-beam probes i n  t h a t  r e s o l u t i o n  i s  g e n e r a l l y  

poor because o f  t h e  i n e f f i c i e n c y  o f  d e t e c t i n g  neut ra l  atoms. Neverthe- 

less, t h i s  technique, t o  which t h e  name LEAD w i l l  here be g iven ( f o r  

low-energy-atom-di f f ract ion),  presents a useful  a d d i t i o n  t o  t h e  s e t  o f  

experimental t o o l s  a v a i l a b l e  f o r  s tudy ing s o l i d  surfaces. 

They a l s o  e x h i b i t  a d i s t i n c t  disadvantage 

B. P r i n c i p a l  F ind ings 

A number o f  separate phenomenological aspects of phys ica l  i n t e r a c t i o n s  

between gases and surfaces have been studied. 

f o r  se lected combinations o f  t h e  f o l l o w i n g  gases and surfaces: 

These have been observed 

Gases 

helium, hydrogen, n i t rogen,  argon, methane, and carbon d iox ide.  

4 



Su r f aces 

a )  pure n 

s t e e l ,  

and/or 

b )  pure s 

ckel ,  copper, and tungsten, 302 s t a i n l e s s  s t e e l ,  m i l d  

and 11-S aluminum (a1 I p o l y c r y s t a l  I ine w i t h  pol ished 

etched sur faces) ;  

Iver ,  po l ished b u l k  monocrystals and monocrystals 

vapor-deposited on mica; 

c >  pure i o n i c  s a l t  c r y s t a l s ,  LiF, NaCI, and CaF2, a l l  w i t h  

cleaved surfaces. 

Parameters vat- ied  i n  exper imenta I observat ions i ncl  ude beam energy 

(0.06-4 eV), sur face temperature (80-2000°K), sur face prepara t ion  and 

treatment,  and the  r e l a t i v e  a t t i t u d e  o f  t h e  i n c i d e n t  beam w i t h  respect  

t o  t h e  surface. 

The f i n d i n g s  o f  these s tud ies  have been documented i n  var ious  

p u b l i c a t i o n s  [Z-4, 6, 10-171. 

those f i n d i n g s  w i  I I be o f f e r e d  here. 

Only a b r i e f  summary and c r i t i c i s m  o f  

For t h e  s c a t t e r i n g  o f  i n e r t  gases from metal surfaces, t h e  m s t  

commonly observed d i s t r i b u t i o n  o f  f l u x  i s  t h a t  c o n s i s t i n g  o f  a marked 

lobe i n  t h e  i n t e n s i t y  d i s t r i b u t i o n ,  w i t h  i t s  maximum located o n l y  roughly  

i n  t h e  v i c i n i t y  o f  t h e  specular d i r e c t i o n  and w i t h  i t s  width considerably  

exceeding t h a t  o f  t h e  inc ident  beam. Th is  lobe i s  genera l l y  narrower 

and nearer t h e  specular d i r e c t i o n  for  gases of lower molecular weight, 

o f  lesser  i n t e r n a l  complexi ty,  o f  lesser  a f f i n i t y  f o r  t h e  surface, o f  

h igher  i n c i d e n t  energy (up t o  a p o i n t ) ,  and o f  more g lanc ing  incidence. 

Surfaces w i t h  g r e a t e r  l a t t i c e  s t i f f n e s s ,  h igher  atomic weight, smoother 

sur face s t ruc tu re ,  and lower temperature a l s o  general l y  produce narrower 

and more specu lar ly  d i r e c t e d  lobes. 

cor rec t ,  t h e r e  are  many exceptions. D e t a i l i n g  those except ions w i l l  n o t  

be attempted here, however. 

While t h e  above t rends  a r e  genera l l y  

The p r i n c i p a l  d i f f i c u l t y  i n  exper imentat ion i n v o l v i n g  sur faces is 

t h a t  a l l  surfaces are  contaminated t o  some degree. Contamination can 

r e s u l t  from i m p u r i t i e s  i n  t h e  s o l i d  o r  from exposure to  a contaminat ing 

environment. I f  d i f f u s i o n  i n t o  o r  o u t  of t h e  b u l k  occurs, it f o l l o w s  

5 



t h a t  t h e  sur face w i l  I be o f  d i f f e r i n g  cons t i tuency  than t h e  bulk .  Inso- 

f a r  as exposure t o  surroundings i s  concerned, t h e r e  i s  some f i n i t e  proba- 

b i  I i t y  f o r  adsorpt ion f o r  most i f  n o t  at  I i n c i d e n t  species. Moreover, 

s ince t h e  t ime i n t e r v a l  t h e  adsorbed molecule spends on t h e  sur face p r i o r  

t o  desorpt ion i s  o f t e n  no t  n e g l i g i b l e ,  t h e  coverage of adsorbate on t h e  

surface can be important. The e f f e c t  o f  contaminat ion upon a g iven gas- 

sur face i n t e r a c t i o n  i s  roughly  i n  p r o p o r t i o n  t o  t h e  r e  a t i v e  presence 

o f  contaminants on t h e  surface. I t  i s  not  uncommon t o  f i n d  contaminants 

essent ia l  l y  c o n t r o l  I ing t h e  i n t e r a c t i o n .  Th is  i s  p a r t  c u l a r l y  t r u e  for  

metals; f o r  sur face temperatures below about 4OO0K, i n  a l l  t e s t s  con- 

ducted here, t h e  presence o f  adsorbed gases (presumably c o n s i s t i n g  o f  

test-chamber background species o r  t h e  i n c i d e n t  beam species, i t s e l f )  

caused t h e  s c a t t e r i n g  o f  a l l  gases t o  be quasi -d i f fuse.  That i s ,  t h e  

f l u x  d i s t r i b u t i o n s  o f  t h e  sca t te red  beams were roughly p ropor t iona l  t o  

t h e  cos ine o f  t h e  p o l a r  angle measured from t h e  outward sur face normal. 

Adsorbate layers  on metals can be l a r g e l y  removed by heat ing above 

500°K, y e t  even then t h e  surfaces are  o n l y  seemingly c lean. Non- 

n e g l i g i b l e  sur face- impur i ty  concentrat ions a r e  s t i l l  present.  Many 

t i g h t l y  bound contaminants s u r e l y  d i d  no t  desorb i n  the  500-IOOOOK tempera- 

t u r e  range where most o f  t h e  t e s t i n g  was conducted. 

Another d i f f i c u l t y  w i t h  experiments i n v o l v i n g  surfaces i s  t h a t  a l l  

rea l  surfaces a r e  s t r u c t u r a l l y  imperfect ,  even those o f  monocrysta l l ine 

so l ids .  Th is  o f t e n  makes d i f f i c u l t  o r  impossible t h e  i n t e r p r e t a t i o n  o f  

beam-scattering data i n  terms o f  sur face l a t t i c e  p roper t ies .  For metals, 

t h e r e  i s  I i t t l e  i f  any d i r e c t  evidence o f  t h e  l a t t i c e  nature o f  t h e  sur-  

face i n  t h e  observed s c a t t e r i n g  o f  thermal-energy gases. Ev ident ly ,  t h e  

under ly ing  s t r u c t u r e  o f  t h e  b u l k  i s  l a r g e l y  erased i n  t h e  sur face layer  

i n s o f a r  as t h e  i n t e r a c t i o n  p o t e n t i a l  i s  concerned. Only sur face rough- 

ness on a scale l a r g e r  than atomic appears t o  have a pronounced e f f e c t .  

I n  t h i s  regard, metal surfaces which a r e  mirror-smooth t o  t h e  eye general- 

l y  s c a t t e r  as i f  they were smooth on an atomic scale and sur faces t h a t  

appear t h e  more roughened t o  t h e  eye s c a t t e r  t h e  more d i f f u s e l y .  

p o l y c r y s t a l  I ine metals t o  temperatures where r e c r y s t a l  I i z a t i o n  can t a k e  

place u s u a l l y  r e s u l t s  i n  more l o b u l a r  sca t te r ing .  Th is  is presumably 

Heating 
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due t o  g r a i n  growth w i t h  

and s t r a i n ,  y e t  it somet 

or  away from t h e  sur face 

formed. Heat i ng o f  meta 

necessary for  r e c r y s t a l  I 

accompany i ng reduct ion i n sur face roughness 

mes may be due t o  d i f f u s i o n  of i m p u r i t i e s  t o  

such t h a t  a more r e f l e c t i v e  surface l a y e r  i s  

s t o  temperatures s i g n i f i c a n t l y  h igher  than 

z a t i o n  can r e s u l t  i n  increas ing roughness due 

t o  thermal f a c e t i n g  (growth o f  t h e  sur face normal t o  i t s e l f  a long c e r t a i n  

p r e f e r r e d  c r y s t a l  p lanes)  w i t h  t h e  r e s u l t  p rogress ive ly  more d i f f u s e  

sca t te r ing .  

With l o b u l a r  s c a t t e r i n g  from metals, t h e  momentum exchange process 

i s  one corresponding very roughly  t o  no change i n  t h e  tangent ia l  v e l o c i t y  

component o f  molecules. Th is  i s  no t  p r e c i s e l y  t r u e ,  t o  be sure, bu t  it 

i s  a usefu l  r u l e  o f  thumb f o r  thermal-energy molecules. For near ly  

d i f f u s e  r e f l e c t i o n ,  t h e  v e l o c i t i e s  o f  t h e  sca t te red  molecules a r e  almost 

independent of d i r e c t i o n  and a r e  d i s t r i b u t e d  i n  speed a long any g iven 

d i r e c t i o n  w i t h i n  a broad, approximately Maxwellian, speed d i s t r i b u t i o n .  

With near ly  d i f f u s e  sca t te r ing ,  t h e r e  i s  almost always measurable energy 

exchange. I f  d i f fuseness i s  due t o  adsorpt ion o f  beam molecules, then 

t h e  mean energy of t h e  scat tered molecules corresponds to  complete thermal 

accommodation t o  t h e  surface. I f  sur face roughness o r  sur face adsorbates 

are  more t h e  source of d i f f u s e  sca t te r ing ,  then t h e  observed energy 

exchange corresponds t o  in termediate thermal accommodation t o  t h e  sur- 

f ace. 

The s c a t t e r i n g  o f  gases from i o n i c - s a l t  c r y s t a l  faces i s  q u i t e  

d i f f e r e n t  f r o m  t h a t  found w i t h  metals, even i f  t h e  metals a r e  monocrysta l l ine.  

The i o n i c  s a l t s  a r e  e a s i l y  c leaved and t h e  r e s u l t i n g  surfaces a r e  general- 

l y  q u i t e  smooth once they a r e  annealed and impur i t ies ,  i f  present, a re  

desorbed. Moreover, f o r  i o n i c  c r y s t a l  faces, t h e r e  apparent ly  a re  

g r e a t e r  ampl i tudes i n  t h e  p e r i o d i c i t y  o f  t h e  i n t e r a c t i o n  p o t e n t i a l  than 

w i t h  metals. Th is  d i f f e r e n c e  presumably i s  explained i n  terms o f  t h e  

r i g i d  i o n i c  bonding i n  s a l t  c r y s t a l s  i n  c o n t r a s t  t o  t h e  more f l u i d  f ree-  

e l e c t r o n  bonding i n  metals. The s a l t  c r y s t a l s  a l s o  e x h i b i t  h igher  deBye 

temperatures than m s t  metals w i t h  t h e  r e s u l t  t h a t  t h e i r  l a t t i c e s  a r e  

no t  so h i g h l y  thermal l y  e x c i t e d  a t  o r d i n a r y  t e s t  temperatures (30O0K-I0OO0K). 
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For I i r j h I  atoms such as tic o r  I i g h l -  molecules such as H,, t h e  

s c a t t e r i n g  from "clean" i o n i c - c r y s t a l  faces such as (100) L i F  o r  (100) 

NaCl, quantum e f f e c t s  i n  the  s c a t t e r i n g  a r e  pronounced. D i f f r a c t i o n  

peaks occur  i n  t h e  sca t te red  f l u x  d i s t r i b u t i o n s ,  s e l e c t i v e  adsorpt ion*  

can be observed, and v e l o c i t i e s  o f  t h e  scat tered p a r t i c l e s  a re  d i s t r i b u t e d  

i n  m u l t i p l e  modes t h a t  can o n l y  be i n t e r p r e t e d  i n  quantum-mechanical 

terms. These e f f e c t s  a re  more pronounced f o r  beams o f  lower energy, f o r  

surfaces a t  lower temperature, and f o r  gases o f  less complexi ty and 

lower molecular weight. w 

Most o f  t h e  t e s t i n g  w i t h  i o n i c  s a l t s  has been conducted w i t h  L i F  

c r y s t a l s ;  L i F  a t  room temperature d i s p l a y s  an apparent n e g l i g i b l e  a f f i n i t y  

f o r  adsorbates. Moreover, thermal e x c i t a t i o n  o f  i t s  l a t t i c e  a t  room 

temperature i s  q u i t e  small .  Since t e s t i n g  a t  room temperature i s  q u i t e  

convenient, these are  pronounced advantages. 

Since many bas ic  s c a t t e r i n g  c h a r a c t e r i s t i c s  can be s tud ied w i t h  LiF, 

it has no t  been a l t o g e t h e r  necessary t o  study s c a t t e r i n g  from o t h e r  

c r y s t a l s .  However, in fo rmat ive  s tud ies  w i t h  NaCl have been conducted 

and f u r t h e r  s tud ies  w i t h  o t h e r  c r y s t a l s  eventua l l y  may prove f r u i t f u l .  

I n  t h e  s c a t t e r i n g  o f  heavier  atoms such as those o f  neon o r  argon 

from i o n i c - s a l t  c r y s t a l s ,  d i f f r a c t i o n  and o t h e r  quantum e f f e c t s  do n o t  

occur t o  any important extent .  However, t h e r e  i s  s t i l l  cons iderably  

s t r u c t u r e  i n  t h e  f l u x  and v e l o c i t y  d i s t r i b u t i o n s  o f  t h e  sca t te red  atoms. 

Peaks appear i n  t h e  i n t e n s i t y  d i s t r i b u t i o n s  and r a t h e r  complex m u l t i -  

modal v a r i a t i o n s  appear i n  t h e  v e l o c i t y  d i s t r i b u t i o n s .  While t h e  o r i g i n  

o f  t h i s  s t r u c t u r e  i s  sub jec t  t o  some debate, b e t t e r  evidence and reason 

p o i n t s  t o  t h e  presence o f  p r e f e r r e d  modes o f  e x c i t a t i o n  i n  t h e  c r y s t a l  

l a t t i c e .  That i s ,  i n  response t o  impacts o f  i n c i d e n t  atoms, t h e r e  are  

h i g h l y  p r e f e r r e d  d i r e c t i o n s  along which l a t t i c e  e x c i t a t i o n s  propagate. 

To summarize t h i s  sect ion,  then, two p r i n c i p a l  types o f  s c a t t e r i n g  

have been studied, t h e  s c a t t e r i n g  o f  thermal energy molecules from metals 

*A term coined by e a r l y  workers i n  t h e  f i e l d  t o  descr ibe a phenomena 
whereby i n c i d e n t  atoms enter  i n t o  a resonance w i t h  t h e  c r y s t a l  surface. 



and the  s c a t t e r i n g  o f  atoms from i o n i c - s a l t  c r y s t a l s .  The f i r s t  i s  more 

important from an engineer ing p o i n t  o f  view and t h e  second leads t o  bas ic  

i n s i g h t s  i n t o  the  under ly ing  mechanisms involved, 

C. Theory Development 

Professor  Goodman has c o n t r i b u t e d  most o f  t h e  important t h e o r e t i c a l  

developments i n  con junc t ion  w i t h  t h i s  research. While here, he devoted 

e s s e n t i a l l y  a l l  o f  h i s  e f f o r t s  t o  f u r t h e r  ref inements of t h e o r i e s  and 

models o f  gas-surface i n t e r a c t i o n  processes. Although most o f  h i s  prev ious 

e f f o r t s  had centered around t h e  classical-mechanical  theory  o f  thermal 

accommodation c o e f f i c i e n t s ,  h i s  work here had most ly  t o  do w i t h  t h e  const ruc-  

I t i o n  o f  t h e o r e t i c a l  models f o r  p r e d i c t i n g  d e t a i l e d  s c a t t e r i n g  probabi I i t i e s ,  

p a r t i c u l a r l y  i n  cases where quantum-mechanical processes dominate. 

Add i t iona l  i n d i c a t i o n s  o f  Goodman's work can be obta ined by rev iewing  

the  t i t l e s  o f  papers publ ished by him wh i l e  here [18-251. 

was most product ive.  In f a i r n e s s  t o  o t h e r  sources, however, i t  should be 

po in ted  o u t  t h a t  a second g ran t  from AFOSR together  w i t h  support  from 

t h e  U n i v e r s i t y  prov ided most of Goodman's support. 

C lea r l y ,  he 
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I V .  DISCIJSSION 

A. Complementary Inves t i ga t i ons  Elsewhere 

A b r i e f  review of important experimental work elsewhere w i l l  

be o f f e r e d  i n  o r d e r  t o  p lace  t h e  present  research i n  b e t t e r  perspec t ive .  

There i s  one group of  researchers which ove r  t h e  pas t  t e n  years 

probably has made more c o n t r i b u t i o n s  t o  t h e  understanding o f  gas-surface 

i n t e r a c t i o n s  than  any o the r .  

Atomic i n  San Diego, i nc lud ing  Smith, Saltsburg, t h e i r  predecessors, and 

successors [26]. 

s c a t t e r i n g  processes w i t h  metals, b u t  a l s o  has i nves t i ga ted  a wide 

v a r i e t y  o f  i n t e r a c t i o n  processes. An earmark o f  t h e i r  work i s  t h e  

carefu lness w i t h  which it i s  conducted. The o n l y  ser ious  de fec ts  have 

been t h a t  t h e y  have employed e f fus i ve - t ype  molecular beams w i t h  broad 

energy d i s t r i b u t i o n s  and consequently, for lack  of s u f f i c i e n t  beam in ten-  

s i t y ,  t hey  have n o t  been ab le  t o  measure v e l o c i t i e s  o f  p a r t i c l e s  a f t e r  

s c a t t e r  i ng. 

This, of course, i s  t h e  group a t  General 

T h i s  group has been concerned p r i m a r i l y  w i t h  gas-surface 

A number o f  o t h e r  c u r r e n t  o r  recen t  groups have con t r i bu ted  note- 

worthy experimental s tud ies  o f  gas-surface i n t e r a c t i o n s .  Most have been 

concerned w i t h  extending upward t h e  range of incident-beam energy. In- 

c I  uded among these a r e  Hays (and Knuth) [27], Ebri ng and Humphris C281, 

F l i  I l e r  and Subbarao [ 2 9 ] ,  Romney and Anderson [30], Cal i a  and Oman [31], 

and O'Keefe and French [32]. Methods for ach iev ing  h ighe r  energ ies have 

included t h e  use o f  gas mix tu res  [27, 29, 30, 321, e l e c t r o s t a t i c  

a c c e l e r a t i o n  [28], arc-heat i ng [27], and shock-tubes [3I 1. 
these and o t h e r  groups have made concerted e f f o r t s  t o  employ wel l -def ined 

t a r g e t  surfaces. Included here a r e  O'Keefe and French [ 3 2 ] ,  Yamamoto 

and St ickney [ 3 3 ] ,  Busby and Brown [34], Moran, Wachman, and T r i  I I ing  

[35], Hinchen and Shepherd [36], and Smith and M e r r i l  I [37]. B e t t e r  sur- 

face d e f i n i t i o n  has been achieved by va r ious  combinations o f  techniques, 

Some o f  

i n c l u d i n g  u l t r a - h i g h  vacuum, vapor-deposi t ion of surfaces, f l a s h  desorpt ion,  

and sput te r -c lean ing .  
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The above inc ludes most of t h e  experimental work elsewhere which i s  

immediately complementary t o  t h e  present research. I f  t h e  work o f  a l l  of 

grcups were t o  be combined, in tense and wel l -def ined molecular beams o f  

a I most a r b i t r a r y  energy and of a I most a r b i t r a r y  species cou I d be generated 

and one could i n v e s t i g a t e  i n t e r a c t i o n s  w i t h  surfaces about which much i s  

known and over  which much c o n t r o l  could be exercised. By observ ing t h e  

response o f  t h e  sur face ( forces,  temperature changes, concent ra t ion  

changes, s t r u c t u r a l  changes, e t c . )  o r  b e t t e r  yet ,  through observat ion o f  

t h e  s t a t e s  o f  t h e  sca t te red  molecules, much cou ld  be learned about t h e  

i n t e r a c t i o n s .  I t  should no t  be concluded, however, t h a t  any one group 

can now make such general s tud ies.  Th is  would f i r s t  r e q u i r e  t h e  t r a n s f e r  

o f  s u f f i c i e n t  techn ica l  s k i l l s  t o  enable t h a t  group t o  conso l ida te  a l l  t h e  

s k i l l s  o f  t h e  others.  Moreover, such c o n s o l i d a t i o n  would r e q u i r e  a d d i t i o n -  

a l  ref inements s ince several o f  t h e  techniques would i n t e r f e r e  one w i t h  

the  o ther .  In  a d d i t i o n ,  w i t h  t h e  techn ica l  compl icat ions a r i s i n g  i n  any 

such conso l ida t ion ,  t h e  leve l  o f  e f f o r t  requi red t o  generate f i n d i n g s  

would be increased s u b s t a n t i a l l y .  Rather, then, one should instead con- 

c lude t h a t  t h e  basic techniques a r e  now developed and noth ing i n  p r i n c i p l e  

need h inder  proceeding to experimental study o f  almost any gas-surface 

i n t e r a c t  ion. 

6. Present S ta te  o f  Theory 

The present  s t a t e  o f  gas-surface i n t e r a c t i o n  theory,  a t  l e a s t  i n  

terms o f  bas ic  understanding, i s  q u i t e  advanced. I n  terms o f  a capac i ty  

f o r  generat ing q u a n t i t a t i v e  p r e d i c t i o n s  concerning t h e  expected character-  

i s t i c s  of i n t e r a c t i o n s  between any g iven gas-surface p a i r ,  mat te rs  a r e  

considerably  less advanced. While t h e  q u a l i t a t i v e  e f f e c t s  of i n d i v i d u a l  

v a r i a b l e s  and l i m i t i n g  behaviors i n  many special  cases a r e  wel l  known, 

t h e  d i f f i c u l t y  encountered i n  q u a n t i t a t i v e  p r e d i c t i o n  i s  t h a t ,  i n  o r d e r  

t o  analyze a g iven i n t e r a c t i o n ,  a very  la rge  number o f  important v a r i a b l e s  

must be considered. One must consider  molecular  p r o p e r t i e s  of t h e  i n c i -  

dent gas, i t s  energy and momentum r e l a t i v e  t o  t h e  surface, t h e  s t r u c t u r e  

and contaminat ion o f  t h e  surface, i t s  modes of e x c i t a t i o n  and leve l  o f  

thermal a c t i v i t y ,  and the  var ious  k inds  o f  inTeract ions ( o f t e n  i n t e r -  

r e l a t e d )  which might occur. Obviously, t h i s  leads t o  d i f f i c u l t i e s  so 
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great  t h a t  analyses w i t h  proper i n c l u s i o n  of a l l  va r iab les  are,  f o r  

p r a c t i c a l  purposes, i n t r a c t a b l e .  

Two a l t e r n a t i v e  approaches have been t r i e d .  One invokes t h e  use 

o f  Monte Car lo  methods whereby t h e  s i t u a t i o n  i s  mathemat ica l ly  modeled w i t h  

much s o p h i s t i c a t i o n  on a computer and then h i s t o r i e s  o f  randomly se lected 

i n t e r a c t i n g  p a r t i c l e s  a re  fo l lowed.  Given t h e  r e s u l t s  o f  a s u f f i c i e n t  

number o f  h i s t o r i e s ,  t h e  composite y i e l d s  a reasonable p i c t u r e  o f  the  

i n t e r a c t i o n .  The second a l t e r n a t i v e  proceeds by choosing specia l  cases 

f o r  which many o f  t he  va r iab les  may be neglected and f o r  which t r a c t a b l e  

analyses a r e  poss ib le .  

Examples of the  Monte-Carlo approach a r e  those by Oman [38], McCl  u re  

[39], and Lorenzen and Raff [40]. Examples o f  analyses o f  simp1 i f i e d  

specia l  cases a re  those by Goodman [41], Logan, Stickney, and Keck [42], 

and Fa lcov i t z ,  e t  a l .  [431. 

The inherent  advantage o f  t he  Monte Car lo  technique l i e s  i n  i t s  

capac i ty  t o  inc lude most o f  t he  important va r iab les .  O f f s e t t i n g  t h i s  

advantage, it i s  very expensive t o  employ (many va r iab les  r e q u i r e  much 

computer t i m e )  and it i s  d i f f i c u l t  t o  ex t rapo la te  from computed r e s u l t s .  

The pr imary advantage o f  special-case analyses i s  t h a t  c losed o r  semi- 

c losed form s o l u t i o n s  a r e  obta ined and from these q u a l i t a t i v e  i n t e r a c t i o n  

fea tures  a r e  more eas i  I y discerned. 

C. Appl i c a t i o n s  

Th is  study began w i t h  one o f  i t s  goals  being t h e  c h a r a c t e r i z a t i o n  o f  gas- 

sur face  i n t e r a c t i o n s  as they occur  between c o n s t i t u e n t s  o f  t h e  upper 

atmosphere and exposed surfaces o f  spacecraf t .  Ma in ly  because t h e  energ ies 

o f  t he  beams employed i n  these i n v e s t i g a t i o n s  (0.05-0.3 eV f o r  most t e s t s )  

were we1 I below t h e  range o f  expected energ ies (1-10 eV f o r  e a r t h  sa te l  I i t e s  

f o r  example), t h i s  goal was n o t  reached. 

generat ing h igher  energy beams were s t i f  I more o r  less  n t h e i r  in fancy.  

A f t e r  cons iderable progress i n  t h e i r  development elsewhere, a beam 

source capable o f  acce le ra t i ng  argon atoms t o  about 4 eV was cons t ruc ted  

i n  O u r  laboratory ,  b u t  un fo r tuna te l y  no s c a t t e r i n g  t e s t s  o f  any consequence 

were conducted w i t h  it. 

A t  t h e  beginn ng, methods f o r  
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Since t h e  expected c h a r a c t e r i s t i c s  o f  h igher  energy i n t e r a c t i o n s  

are  cons i derab 1 y d i f  f e r e n t  from those f o r  therma I energy i n te rac t ions ,  

t h e r e  can be l i t t l e  conf idence i n  e x t r a p o l a t i n g  thermal-energy data 

t o  h igher  energies. For tunate ly ,  i n t e r a c t i o n  data obta ined w i t h  h igher  

energy beams are  being generated elsewhere [27-321. 

The range o f  c o n d i t i o n s  under which t h e  labora tory  t e s t s  were 

c a r r i e d  o u t  here, however, a r e  representa t ive  o f  a wide v a r i e t y  o f  

eng i neer i ng app I i c a t  i ons. 

be app l ied  i n  analyses o f  many low-density f lows, i n  s tud ies  o f  hetero- 

geneous c a t a l y s i s  and chemical r e a c t i o n s  between gases and so l ids ,  i n  

c h a r a c t e r i z i n g  adsorpt ion/desorpt  ion and condensat ion/evaporat ion pro- 

cesses, i n  determining t h e  phys ica l  p r o p e r t i e s  o f  surfaces, and sure ly  

i n  many areas y e t  unknown s ince t h e  gas-surface i n t e r f a c e  appears i n  such 

a wide v a r i e t y  o f  techn ica l  s i t u a t i o n s .  O f  a l l  these, perhaps t h e  study 

o f  gas-surface i n t e r a c t i o n s  i n  r e l a t i o n  t o  heterogeneous c a t a l y s i s  i s  

most l i k e l y  t o  y i e l d  d iv idends s ince t h i s  i s  a process important i n  so 

Know I edge o f  therma I -energy i n t e r a c t i o n s  can 

many a p p l i c a t i o n s .  Studies of momentum and energy exchange i n  gas-surface 

i n t e r a c t i o n s  would appear less important, a t  l e a s t  i n  themselves, s ince  

i n  most engineer ing a p p l i c a t i o n s  where sur face i n t e r a c t i o n s  c o n t r o l  t h e  

l e v e l s  o f  momentum and energy f l u x  t o  t h e  surface, those l e v e l s  a r e  n o t  

very important i n  e s t a b l i s h i n g  o v e r a l l  system performance. 

I n  app ly ing  laboratory-obtained data t o  r e a l  systems, one must be 

prepared t o  e s t a b l i s h  t h e  microscopic c o n d i t i o n  of both surfaces. Since 

gas-surface i n t e r a c t  ions depend q u i t e  strong1 y on 

t h e  presence and k i n d  of adsorbates and o t h e r  contaminants on t h e  surface, 

i t  i s  imperat ive t h a t  re1 i a b l e  est imates i n  these regards be ascertained. 

As a r u l e  o f  thumb, metal surfaces i n  eng ineer ing 'p rac t ice  a t  tempera- 

t u r e s  below 400'K a r e  s u f f i c i e n t l y  rough and s u f f i c i e n t l y  covered w i t h  

adsorbed gases t o  cause most therma I -energy gases t o  s c a t t e r  d i f f usel y 

both sur face s t r u c t u r e  and 

w i t h  near ly  f u l l  thermal accommodation. Th is  r u l e  o f  thumb breaks down 

f o r  sur faces under u l t r a - h i g h  vacuum, f o r  i n c i d e n t  molecules o f  low 

atomic weight or  o f  energy approaching I eV o r  greater ,  and perhaps 

f o r  some of  t h e  more e x o t i c  metals. Even so, 

sur face i n t e r a c t i o n s  f a l l  w i t h i n  i t s  range o f  

13 

many i f  n o t  most gas- 

appl i c a b i  I i t y .  Beyond 



t h i s  s i m p l i f i c a t i o n ,  it w i l l  be necessary t o  s imu la te  or dup l i ca te  t h e  

i n t e r a c t i o n  i n  t h e  I aboratory  and/or generate educated guesses based on 

a v a i l a b l e  data and app l i cab le  theory.  
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